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ABSTRACT
ATOMIC SIMULATION OF SCRATCH BEHAVIOR OF CERAMIC-METAL
NANOLAMINATES

Adnan Rasheed, M.S
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Iman Salehinia, Director

The promise of nanocomposites lies in their multifunctionality, the possibility of realizing unique
combinations of properties which are not attainable in traditional materials. Metal ceramic
nanocomposite is one such unique combination which is becoming increasingly popular among
researchers today. The idea is to combine the superior properties of ceramics like hardness and
strength with favorable properties of metal such as ductility. Materials with these characteristics
have potential for engineering applications such as highly efficient gas turbines, aerospace
materials, automobiles, protective coatings, etc. This study focuses on the indentation and
scratch performance of metal-ceramic nanolaminates. Molecular dynamics atomistic simulations
were performed to study the scratch behavior of different Models of niobium carbide (NbC) niobium (Nb) nanolaminates. The layer thicknesses were varied and the coefficient of friction
was calculated for all the Models. The prevailing deformation mechanisms with varying layer
thicknesses were studied. The results demonstrate how the change in the layer thickness of metal
along with the change in indenter size affects the scratch behavior of the multilayer model.
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CHAPTER 1: INTRODUCTION
1.1 Background
The idea of nanocomposite materials is gaining immense popularity in recent years. The plot is
to create new materials by designing their structure at the Nano-size range to improve their
flexibility and physical properties. The concept of augmenting the properties of materials by
creating multiphase nanocomposites was inspired by natural nanocomposites such as the bone in
living beings. Over the years, this has led to creation of a variety of composites based on the
functional requirements.
One such composite which has been under extreme scrutiny and investigation by researchers and
engineers is the ceramic-metal nanocomposite. The objective here is to develop highperformance ceramics to overcome the drawbacks of pure ceramic, hence showing promise for
many engineering applications.
Ceramics generally exhibit excellent mechanical properties, extreme hardness and high heat and
wear resistance, but they display low fracture strength and toughness and are brittle in nature,
making them susceptible to damage under any kind of shock loads. Ceramics also exhibit poor
mechanical properties under increasing temperature. On the other hand, metals have good
thermal and electrical properties but lack in strength when compared to ceramics. Thus, ceramicmetal composites where introduced to strike a balance between the two materials such that they
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complement each other and result in a material that possesses excellent mechanical, thermal and
tribological properties used in making highly efficient gas turbines, automobiles, aerospace
materials, etc.

1.2 Literature Review
Ceramic/metal multilayers (CMMs) have shown promising mechanical, physical and chemical
properties, making them practically useful in a wide range of temperatures, mechanical loadings
and environmental conditions (Li, Wang, Misra, & Wang, 2014).
Experimental (Bhattacharyya, Mara, Dickerson, Hoagland, & Misra, 2011 ; Tillmann & Vogli,
Multilayers Design for the Electromagnetic Sheet Metal Forming Die, 2008 ; Tillmann, Vogli,
Gathen, & Momeni, 2009), theoretical (Anderson, Foecke, & Hazzledine, 1999 ; Cui, et al., 2016
; Hirth, 2011) and atomistic (Salehinia, Shao, Wang, & Zbib, Interface structure and the
inception of plasticity in Nb/NbC nanolayered composites, 2015) methods have been used to
characterize the mechanical behavior of MCMs under various types of loading and
environmental conditions. The dominant deformation mechanisms including dislocation
nucleation form the interface, dislocation propagation, dislocation deposition on the interface,
and co-deformation of metallic and ceramic layers have been investigated. Various metal and
ceramic pairs have been considered as shown in Figure 1.
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Figure 1: (a)Cross sectional TEM images of a sample of Al/TiN 2nm bilayer period (b)Al-18nm Ti-2nm (Bhattacharyya et al.)

Early Modelers predicted that coatings with high shear strength could be formed by alternating
layers of low and high elastic moduli. The theory behind this was that thin layers would
constrain dislocation formation and the difference in elastic moduli would obstruct dislocation
motion (Koehler, 1970).
Multilayer coatings with alternate metal and ceramic layers were expected to inhibit the cracks
so that they would stop in the next plastically deformed metallic layer. As more layers are added,
this mechanism would minimize the overall wear of the coating and increase its crack resistance
(Smolik, 2011 ; Major, Kot., & Lackner, 2010).
MCMs are particularly of interest for applications with extreme tribological conditions
(Holmberg, Matthews, & Ronkainen, 1998 ; Major, Kot., & Lackner, 2010 ; Leyland &
Matthews, 1994). By alternating hard and soft materials, the hard layers can slide over each
other, preventing building-up the residual stresses (Chan, He, & Hutchinson, 1993 ; He, Evans,
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& Hutchinson, 1994). Furthermore, interfaces between the metallic and ceramic layers can act as
sites for energy dissipation due to their low shear strength, and as a result they block the
incoming cracks or deﬂect them (Hirth, 2011 ; Anderson, Foecke, & Hazzledine, 1999 ; Li,
Wang, Misra, & Wang, 2014).
Wear and scratch tests on TiN/Ti (Farhat, Ding, Northwood, & Alpas, 1997 ; Major, Kot., &
Lackner, 2010) and SiC/Al (Singh & Chawla, 2012) have shown higher scratch resistance and
fracture loads for ceramic/metal nanolaminates comparing to their individual metallic or ceramic
counterparts. The combination of Al/SiC was found to be very successful when it comes to
procurement of composites with exceptional strength, fatigue resistance and stiffness. (Ganesh &
Chawla, 2004). Conventional Al/SiC composites fell short in terms of yield stress and strength
when compared to composites with individual layer thickness in the nanoscale range (Chawla,
Singh, Shen, Tang, & Chawla, 2008)(Figure 2).

Figure 2: Load versus displacement curve from nanoindentation of Al50SiC50 composite.(Singh and Chawla)

Lackner et al. performed a comprehensive investigation of the tribological behavior of TiN/Ti
multilayers with different bi-layer period and thickness ratio. The deformation mechanisms
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under static and dynamic mechanical loading were explained. Reduction in wear was reported
for samples with thicker ceramic layers than metallic layers (Figure 3).

Figure 3 Wear coefficient of single Ti vs Ti/TiN multilayers (Lackner et al.)

Molecular dynamic simulations were performed for NbC/Nb multilayers with MEAM potential
(Figure 4) to study the deformation mechanisms in metal-ceramic nanolaminates and also the
effect of interface and layer thickness (Salehinia, Shao, Wang, & Zbib, Interface structure and
the inception of plasticity in Nb/NbC nanolayered composites, 2015). This study concluded that
plastic deformation in the metal layer originated from misfit dislocations in the interface in the
form of lattice dislocations and they get deposited on the next interface after gliding in that layer.
Molecular dynamic simulations were also used to study the deformation mechanisms in ultrahard
carbide layers under nanoindentation (Kizler & Schmauder, 2007). Scratch resistance occurring
between the chip and tool and scratched material and tool depends on the cutting force.
Accumulation and pile-up of dislocations can contribute to work hardening which in turn
increases the scratch resistance offered to the tool (Figure 5) (Fang, et al., 2008).
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Figure 4 Atomic structure showing dislocations in Nb layer. Short dashed lines represent misfit dislocations; deposited
dislocation represented by dashed lines

Figure 5: Effect of bilayer thickness on the hardness values for TiN/W multilayers (Fang et al.)
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Limited only to the experimental investigations, the tribological behavior of ceramic/metal
nanolaminates hasn’t been investigated in nano-scale using atomistic simulations. The
discovered deformation mechanisms using atomistic simulations in the nano-scale help us
understand the mechanical behavior of these materials in larger size scales and enable us to
predict the behavior of the CMMs when the thickness of the metallic and ceramic layers is only a
few nanometers. As the thickness of the layers increases, more residual stresses develop and
more columnar grains are formed in the ceramic layer (Major, Kot., & Lackner, 2010) , reducing
the interface effect on the mechanical properties.
Interfaces perform various roles in shaping the mechanical properties of nanolaminated
materials. They act as sources from where the deformations nucleate, act as blockades which
prevent the propagation of these deformations, and also as favored sites for packing, reassembly
and regeneration of interface defects. The right combination of these characteristics can make
interfaces highly effective in absorbing and eliminating defects, thus making the composite
operative even under extreme loading conditions and/or environments. Nanolaminated
composites attain a unique combination of mechanical properties such as high thermal stability,
ductility, high flow strength and plastic flow stability under large strains due to high
concentration of interfaces. (Jian, Qing, Shuai, & Amit, Strength and plasticity of nanolaminated
materials, 2016).
Indentation experiments performed on Al-TiN nanolaminates with bilayer thicknesses of less
than 10nm showed that fracture toughness increased with decreasing layer thicknesses. The
effect of indentation strain rate was also considered in this work which revealed that
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nanolaminates could show increased toughness if the strain rate was reduced. This behavior of
nanolaminates was attributed to the formation of shear bands (Figure 6) (Mook, et al., 2013).

Figure 6 Load-displacement curve of Al/TiN nanolaminates under different loads (Mook et al.)

Molecular dynamic simulations were used to study the response of fcc metals like Cu, Al, Au
(Komanduri, Chandrasekaran, & Raff, 2000 ; Mulliah, Christopher, Kenny, & Smith, 2003) and
bcc metals such as Fe (Mulliah, Christopher, Kenny, & Smith, 2003), W (Hagelaar, Bitzek,
Flipse, & Gumbsch, 2006), Ta (Biener, Biener, Hodge, & Hamza, 2007 ; Alcalá, et al., 2012) ;
(Ruestes, et al., 2014), etc. Most studies focused on the indentation process and a few of them
also studied the evolution of dislocations during scratching. The depth dependence of friction
coefficient was also studied by (Mulliah, et al., 2006). These studies concluded that the pile-up
generated depends on the direction of scratch and also the surface orientation.
(Gao, Ruestes, & Urbassek, 2014) studied the nanoindentation and scratching of Fe using MD
simulations and Mendelev potential and they made some very important observations (Figure 7).
They found that the dislocation length increased beyond the elastic range during indentation.
During scratching, the plastic zone at first increased linearly with scratch length but as scratching
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proceeded, the dislocations started reorganizing themselves leading to reduction in the
dislocation density (Figure 8). The plastic zone was found to be confined to the scratch front
leaving very few dislocations in the middle of the scratch. Point defects deformation twinning
were observed during both the indentation and scratching processes. The average hardness
values in normal and lateral directions suggested that the material softened with increasing
scratch depth leading to increased coefficient of friction.

Figure 7 Normal load vs indentation depth during nanoindentation of Fe (Gao et al.)(left) and Normal and scratching force vs
scratch length (right)

Figure 8 Snapshot showing defect formation during nanoindentation of Fe (Gao et al.)
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Atomistic simulations provide a very powerful tool for creating Models that are hard to achieve
in experiments. These simulations also isolate the effect of various geometrical and materials
design parameters on the mechanical and physical properties of these materials.
In this work, molecular dynamics atomistic simulations were carried out to perform the scratch
tests on NbC/Nb multilayer samples with different ceramic/metal thickness ratios using a
spherical nano-indenter. The scratch load, friction coefficient, material removal mechanisms
were compared for the Models.

1.3 A Glance on Molecular Dynamics
Molecular dynamic simulation is a valuable computer simulation method for accurate study and
it plays a crucial role in research. The ability of MD simulations to effectively simulate the
atomistic behavior of deformation under various kinds of loading make it very useful in
academic and industrial research. It studies the physical movements of atoms and molecules
using Newton’s equations of motion for a system of interacting particles. For a simple atomic
system, these equations may be written as
𝑚𝑖 𝑟̈𝑖 = 𝑓𝑖
where
𝑓𝑖 = −

𝜕
𝑈
𝜕𝑟𝑖

An MD simulation requires a defined potential function which governs how the atoms will
interact amongst each other, hence the name interatomic potential. Several parameters are
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controlled to design a molecular dynamics simulation such as the time step, the total running
time and the simulation box size (i.e. number of particles). The time step should be selected
carefully to make sure it matches the kinetics of the system and accommodates the fastest
vibrational frequency of the system.

1.4 The CerMet Model
The geometry of the Model is shown in Figure 9. A quad-layer Model was designed with
alternating Nb and NbC layers. The Nb/NbC interface adopts the Baker-nutting orientation as
shown in Figure 10, the (001) planes of Nb and NbC form an interface and the [100]
crystallographic direction of NbC is along the [110] direction of Nb.

Figure 9: The cermet Model
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Figure 10: Baker–Nutting orientation relationship ([100]NbC||[110]Nb and (001)NbC||(001)Nb) at the Nb/NbC interface

To keep the in-plane strains (due to lattice mismatch) to a minimum, 44 units of NbC and 43
units of Nb were used (Salehinia, Shao, Wang, & Zbib, Plastic Deformation of Metal/Ceramic
Nanolayered Composites, 2014). A region of 1 nanometer at the bottom of the Model was fixed
in the y direction to prevent any rigid body motion.
To study the effect of metal layer thickness on the mechanical properties of the nanolaminate,
three Models (Table 1 Layer thicknesses for all Models) were studied with different Nb layer
thicknesses.
Table 1 Layer thicknesses for all Models

Layer 1

Layer 2

Layer 3

Layer 4

Material

Nb

NbC

Nb

NbC

Model 1

6 nm

2 nm

2 nm

2 nm

Model 2

6 nm

2 nm

5 nm

2 nm

Model 3

6 nm

2 nm

8 nm

2 nm

Model 4

19.8 nm

-

-

-
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1.5 Interatomic Potential
As mentioned before, the interatomic potential governs how the atoms interact with each other.
The second nearest-neighbor modified embedded atom potential (2NN-MEAM) was used in our
simulations. This potential is known to reconstruct the lattice parameters, elastic properties,
enthalpy of formation and surface energies of Nb and NbC with great accuracy (Kim, Jung, &
Lee, 2010).

In MEAM, the total energy of the system is given by

𝐸 = [∑ 𝐹𝑖 (𝜌̅𝑖 ) +
𝑖

1
∑ 𝑆𝑖𝑗 𝜑𝑖𝑗 (𝑅𝑖𝑗 )]
2
𝑗(≠𝑖)

Where Fi is an embedding function for an atom i, ρi is the electron density, Sij is the screening
function and φijRij is the pair interaction between atoms i and j separated by a distance R (Kim,
Jung, & Lee, 2010).
In MEAM, only the first neighbor interaction was considered but this was formalized to obtain
the second nearest neighbor MEAM (Table 2) to take into account the second nearest neighbor
interactions. This was done by adjusting the screening parameter in the screening function,
making the main body screening less severe than in the original MEAM.
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Table 2 2NN MEAM potential parameters for Nb and Nb-C (Kim et al)

Parameter

Nb

Nb-C

Cohesive energy Ec (eV)

7.47

6.69

re (A0)

2.86

2.28

bulk modulus B (1012

1.73

3.40

dyne/cm2)

1.6 Molecular Dynamic Simulations
The MD simulations were performed using the LAMMPS code (Plimpton, 1995). The simulation
for Model 1, 2 and 3 comprised of 324292 atoms, 390856 atoms and 457420 atoms respectively.
Periodic boundary conditions were applied in ‘x’ and ‘z’ directions. The centro-symmetry
parameter was calculated for every atom. This parameter can be used to characterize whether or
not an atom is part of a perfect lattice, which helps us to locate any defects within the crystal. As
mentioned before, the bottom 1 nm of the Model is fixed in the ‘y’ direction to prevent any rigid
body motion.
The simulations were run at a very low temperature of 10K. This was to reduce the kinetic
effects due to high temperature, thus assisting us to clearly study all the deformation mechanisms
taking place. A time step of one femtosecond (10-15 seconds) was chosen for all simulations. An
energy minimization was performed before any loading with an energy tolerance of 1.0e-10 and
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a force tolerance of 1.0e-10 ev/angstroms. The NPT ensemble was applied to update the position
and velocities of atoms at each time step by performing time integration Nose Hoover style nonHamiltonian equations of motion. Using NPT (isothermal-isobaric), the pressure of the system
was kept at 0 bar on the side planes during nanoindentation and scratching process. A dynamic
relaxation was applied for 10 ps to equilibrate the Models at 10 K.
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CHAPTER 2: RESEARCH OBJECTIVE

This research aims to investigate the scratch behavior of Ceramic-Metal nanolaminates. The
ceramic and metal under study are Niobium Carbide (NbC) and Niobium (Nb) respectively. In
addition to this, our research aims to answer the following questions:

•

What are the dominant deformation mechanisms during the scratch of this CerMet
nanolaminate?

•

What is the effect of layer thickness of metal (Nb) on the scratch behavior of the
composite?

•

What is the impact of indenter size on the scratch behavior of the Nb/NbC
nanocomposite?
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CHAPTER 3: RESULTS AND DISCUSSION
3.1 Nanoindentation
Nanoindentation was performed using a spherical indenter (Figure 11) of radius 50A0. The depth
of indentation was 30A0 for all Models to ensure that both the ceramic(NbC) and the metal(Nb)
layers were penetrated. The indenter speed was 100A0/picoseconds. Nanoindentation process
was displacement control which enabled us to measure the load on the indenter in vertical
direction.

Figure 11: CerMet Model showing position of 50Ao spherical tip nanoindenter
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. The force exerted by the spherical indenter is given by
𝐹(𝑟) = −𝐾(𝑟 − 𝑅)2
where K is the force constant (1 ev/angstrom3 in our simulations), ‘r’ is the distance from the
atom to the center of the indenter and ‘R’ is the radius of the indenter (50A0 in our simulations).
The figure 4 below shows Model 1 under indentation.

Figure 12 : Simulation cell under nanoindentation – Atoms colored with respect to the y coordinate (angstroms)

To visualize the defects in our Model, we first removed all the perfect atoms from the Niobium
layer (as shown in Figure 13 and Figure 14). The metal layer was chosen because it undergoes
plastic deformation. The centro-symmetry parameter was used to identify the perfect atoms. The
centro-symmetry parameter for an atom is calculated using the following formula (Kelchner et
al.):
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𝑁/2

𝐶𝑆 = ∑|𝑅⃗𝑖 + 𝑅⃗𝑖+𝑁/2 |

2

𝐼=1

where ‘a’ is the number of nearest neighbors i.e, 4 for Niobium and Ri and Ri+N/2 are vectors
from the central atom to the opposite pair of nearest neighbors. The above formula is applied
when we use the compute centro/atom command in LAMMPS. Any centro-symmetric material
tries to preserve its symmetry under deformation, keeping the value of CS as zero. When there
are defects in the crystal, the CS value goes up and attains a value that depends on the type of
defect.
As shown in Figure 13 and Figure 14 misfit dislocations are formed on the interface due to
lattice mismatch between he adjacent layers (Salehinia, Shao, Wang, & Zbib, Plastic
Deformation of Metal/Ceramic Nanolayered Composites, 2014).

Figure 13: Niobium layer in Model 3
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Figure 14: Niobium layer at the start of simulation with deleted perfect atoms

. These dislocations are known to relieve the coherency strains according to the dislocation
theory (Hirth, 2011). The dislocations nucleate from under the indenter (where the local strain is
highest) and glide within the layer and finally get deposited on to the next interface as shown in
Figure 15 and Figure 16. This emission of lattice dislocations from interfaces accounts for the
plastic deformation occuring in multilayers.
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Figure 15: Dislocations nucleating during nanoindentation process

Figure 16 : Glide of Dislocations in the Niobium layer
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Another important observation here is that the dislocations do not transmit across the interface
into the next layer. The glide of dislocation is confined to this layer and they slip from one plane
to other within Nb as these slip planes are not closely packed. This process leads to strengthening
of niobium.
Figure 17 shows the load-depth curves during nanoindentation of all the Models. Load need to
indent Model 1 is the highest. This shows that lower metal/ceramic thickness ratio gives higher
hardness. By the same hypothesis, Model 3 shows the lowest hardness among all the Models.
Supported by other literature (Salehinia I. , Wang, Bahr, & Zbib, 2014) the reason for this
behavior is higher strain hardening rate for Nb layer under the compressive load from the
indenter.

Load-Depth
Model 1

1400

Model 2

1200

Load(nN)

Model 3
1000

Model 4

800
600
400
200
0
0

5

10

15

20

Depth(angstroms)
Figure 17 : Load vs Depth curve during nanoindentation for all Models
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30

35
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As the metal layer thickness increases in Model 2 and 3, the dislocations move much easier in
those layers, thereby reducing the strain hardening. Also, for Model 1 the interfaces are much
closer, leading to increased interactions between dislocations deposited on the neighboring
interfaces and higher strain hardening. Furthermore, the high compressive stress field under the
indenter makes an amorphous region that is largely extended in a significant portion of the Nb
layer when it is 2 nm thick, making it harder for dislocations to move in this layer. The
dislocations only nucleate and propagate down to the layer 2 while layers 3 and 4 are under
elastic deformation. This guarantees the minimal effect of the fixed boundary on the observed
mechanical behavior, as dislocations in the top metallic and ceramic layers do not directly
interact with the fixed boundary.
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3.2 Scratch

Scratch direction

Figure 18 Simulation cell showing scratch direction

The nanoscratch process was started after the indenter was 30 nanometers into the sample. The
position of indenter was kept fixed in y direction during scratch. Figure 19 shows a snapshot of
atoms in Model 1 at the end of scratch.
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Figure 19 Simulation cell under scratch- atoms colored according to centrosymmetry parameter

Just like indentation, the fix command was used to get the forces on the indenter in x and y
directions. The scratching load was plotted against the scratch length as shown in figure 12. The
scratching load is the highest for Model I. In fact, the difference between the scratching loads
between the considered Models at the same scratching distance is more significant than those
during nanoindentation. The scratching loads for Model II and Model III show almost the same
values. To understand the significant difference between the Models, we studied the deformed
samples at the end of the scratching.
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Figure 20 scratch load vs Scratch length for all Models

Figure 21 shows the atomic snapshots of the layer 1 in each Model at the end of scratching. A
clear difference is seen between the Models as material piles up in front of the indenter for
Model I, in contrast to Model II and Model III with almost no material pile-up. This behavior
shows that the thickness ratio affects the amount of material removal from the samples. Two
simultaneous mechanisms result into significant difference in the scratching load between the
Model I and the other Models, i.e. the higher strain hardening rate and also more material pile-up
in front of the indenter for Model I.
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Model

Pileup

Model 1

Model 2

Model 3

Figure 21 Pile-up of atoms in front of indenter during scratch
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Figure 22 Normal load vs Scratch length

The material pile-up in front of the indenter for Model I is a result of excessive strain
hardening in this Model compared to other Models. Other Models can more easily accommodate
the large plastic deformation during scratching as more material can be compressed into the top
Nb layer and also the Nb layer may slide to accommodate the deformation. These results indicate
that the material removal rate and the scratch resistance show the same trends for Model I.
Knowing the scratching load (Fs) and the normal load (Fn), we calculated the instantaneous
friction coefficient (μ) using

𝜇=

𝐹𝑠
𝐹𝑛

Figure 23 shows the variation of μ vs. the scratching distance for all the Models. The friction
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coefficient increases to a saturated value for all the Models. The friction coefficient values for
the considered Models are close despite a large difference in the scratch load values. This is due
to less reduction in vertical load on the indenter during scratching of Model 1 compared to other
Models (Figure 22). This behavior is attributed to the developed plastic zone in the deformed Nb
layer (layer 2) during scratching.

Figure 23 Coefficient of friction vs Scratch length for all Models

Figure 24 shows the atomic snapshots of the Nb layer at the middle and at the end of the
scratching for Models 1 and 3. The developed plastic zone for Model 1 is more extended than
those for other Models. This leads to greater material pile-up and strain hardening foe Model 1.
This also results in quicker load saturation for Model 1(Figure 22). The atomic snapshots for the
Model III show that the dislocations can easily propagate in the region behind the indenter and
eventually deposit on the interface. The dislocations have much more space to move and hence
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the dislocation interactions with the interface and also with each other are much lower. This
deformation mechanism results in softening of the Nb layer and reducing the vertical load on the
indenter.

Figure 24 The atomic snapshots of the layer 2 (Nb) in the middle (a,c) and end (b,d) of the nano-scratching test for (a,b) Model
1, (c,d) Model 3 (Rasheed & Salehinia, 2017)

3.3 Effect of Indenter Speed
Nanoindentation and scratch were performed at an increased indenter speed of 200 A0/ps to
explore the effect of indenter speed on the scratch behavior of the nanolaminate. In the previous
simulations, the load and friction coefficient values generally increased with the increasing
scratch length. So the scratch length was now increased to 120nm to make sure that these values
actually saturate at some point. The depth of indentation was kept the same (i.e. 30A0). The loaddepth curve during indentation showed the same trends as in the previous simulations (Figure
25).
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Figure 25 Load-depth curve at increased indenter speed for all Models under nanoindentation

This shows that the indenter speed has no considerable effect on the indentation process. This is
also seen in other literature (Mook, et al., 2013) where the strain rate (in a particular range) had
no effect on the nanolaminate toughness. If the speed of indenter was further increased, it might
reflect some changes on the behavior of the nanolaminate.
The scratching load and coefficient of friction values tend to saturate after a scratching distance
of about 70A0 (Figure 26) (Figure 27). The indenter speed as such, has no significant effect on
the scratch behavior of the Model.
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Scratch load vs Scratch length
Scratch load(nN)

700
600
500
400
300

Model 1

200

Model 2

100

Model 3

0
0

20

40

60

80

100

120

140

Scratch length(angstroms)
Figure 26 Scratch load vs Scratch length at increased indenter speed for all Models

Coefficient of friction vs Scratch length
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Figure 27 Coefficient of friction vs scratch length for all Models at increased indenter speed

To further evaluate the scratch behavior, the volume of material removed during the scratch
process was considered (Figure 28). This helped us to calculate the wear coefficient of the Model
using the following equation:
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𝑊𝑒𝑎𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =

𝑊𝑒𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
𝑁𝑜𝑟𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 ∗ 𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

Volume removed vs Scratch Length
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Figure 28 Volume removed vs scratch length

The wear volume was calculated from the number of removed atoms. The number of removed
atoms over the scratch length for Model 1 is shown in the figure above. Only Model 1 has
considerable amount of pileup amongst all the Models. Only the atoms that have piled-up in
front of the indenter are shown.
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Figure 29 Removed atoms during scratch
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Model 1 shows the highest wear coefficient due to higher material removal (Figure 30). Thus,
Models 2 and 3 are more scratch resistant than Model 1. Even though Model 1 shows greater
hardness and puts higher load on the indenter, it has greater wear coefficient and thus has inferior
scratch properties (Figure 30). So, metal and ceramic in the ratio 1:1 have lower scratch
resistance when compared to higher modulation ratios. This has also been observed in other
literature (Major, Kot., & Lackner, 2010).

Wear coeffcient (angstrom2
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Figure 30 Wear coefficient vs Scratch length for all Models
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NbC/Nb; 2226

NbC/Nb; 2826
Figure 31 Material pile-up Model 1 vs Model 3

3.3 Effect of indenter size

3.3 Effect of Indenter size
The effect of increased indenter size on scratch behavior was also investigated. The indenter
radius was changed to 100A0.
As seen in Figure 32, with the increase in indenter radius, the load on the indenter also increases.
This is in good agreement with the literature (Ichimura & Ishii, 2003). The relation between
critical load during scratch, composite hardness and indenter radius was given by (Ichimura and
Rodrigo) as:
𝐿𝑐 = 2𝜋𝑅𝛾𝛿𝑐𝑟 𝐻𝑐𝑟
where,
Lc = critical load
R= indenter radius
δcr = scratch depth
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Hcr = hardness of the composite
From the above relation, the scratch load should increase with increasing indenter radius which
is seen in our results.

Scratch load vs Scratch length
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Figure 32 Scratch load vs scratch length during scratch of Model 1 and 3

Also, a reduction in coefficient of friction was observed with the increased indenter radius. This
is a direct result of the huge increase in the normal load on the indenter as shown in Figure 33
and Figure 34 as compared to the normal load with a smaller indenter.
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Figure 33 Coefficient of friction vs Scratch length during scratch of Model 1 and 3
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Figure 34 Normal load vs scratch length during scratch for Models 1 and 3
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The higher normal load is justified by the increase in surface area of indentation due to increase
in area of indenter. The radius is doubled which increases the area by four times hence the
normal load on the indenter increases.
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CHAPTER 4: FUTURE WORK
The scratch behavior of niobium/niobium carbide cermets was not yet investigated, but detailed
investigations into their deformation mechanisms is still needed to explain their behavior in more
detail.
The effect of ceramic layer thickness on the mechanical behavior of cermets can be studied by
varying the thickness of the NbC layer thickness.
The scope of this work can be further widened by considering multilayered Nb/NbC
polycrystalline composites. Indentation and scratch of a polycrystalline Model would give more
insight into the mechanical properties of multilayered nanocomposites.
Indenter size and geometry are also known to have a profound effect on the scratch behavior.
The scratch behavior of Nb/NbC nanocomposites under different types of indenter profiles needs
to be investigated.
The strain rate can also have a profound effect on deformation mechanisms of nanolaminates.
Exploration of scratch behavior under increased strain rate could be a significant step towards a
better understanding of mechanical properties of nanolaminates.
Molecular dynamic simulations of loading and unloading during nanoindentation and repetitive
scratching of a surface would also be an interesting study relating MD to experimental works.
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CHAPTER 5: CONCLUSIONS

Molecular dynamic simulations have been performed in LAMMPS to study the scratch behavior
niobium/niobium carbide nanolaminates. The second nearest neighbor modified embedded atom
method potential was employed to Model the interactions between Nb-NbC. Post-processing and
visualization were done using OVITO.
The effect of layer thickness of metal on the scratch properties of cermet Model was
investigated. In addition to this, the effect of indenter speed and size was also considered.
For the same indentation depth, the model 1 with lower Nb ratio shows highest hardness. The
coefficient of friction was also highest for Model 1. However, model 1 shows greater pile-up of
atoms in front of the indenter and higher wear coefficient as compared to other Models. Thus
model 1 with ceramic/metal in the thickness ratio of 1:1 shows the least scratch resistance among
all Models.
With greater indenter speed and longer scratch lengths, the scratch load and friction coefficient
values saturated and the difference between these values reduced.
With increase in indenter size, the scratch load on the indenter increased. The coefficient of
friction decreased due to higher normal load during scratch.
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APPENDIX
# SAMPLE LAMMPS CODE FOR INDENTATION AND SCRATCH OF MODEL 1

units

metal

boundary

psp

atom_style

atomic

#neighbor

0.3 bin

neigh_modify delay 5

read_data Nb6NbC2Nb2NbC2,x20nmz20nm

region box_Nb1 block INF INF -61 0 INF INF units box
group

Nb1 region box_Nb1

region box_NbC1 block INF INF 0 20 INF INF units box
group

NbC1 region box_NbC1

region box_Nb2 block INF INF 20 41 INF INF units box
group

Nb2 region box_Nb2

region box_NbC2 block INF INF 41 61 INF INF units box
group

NbC2 region box_NbC2

# potentials

pair_style

meam
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pair_coeff * * library2,fromWSK.meam Nb C NbC.meam Nb C

region

5 block INF INF -61.0 -50.0 INF INF units box

group

bottom region 5

group

deformed subtract all bottom

# define compute for visualization

compute

csp1 NbC1 centro/atom 6

compute

csp2 Nb1 centro/atom bcc

compute

csp11 NbC2 centro/atom 6

compute

csp22 Nb2 centro/atom bcc

# relaxation

dump

101 NbC1 custom 2000 csp.NbC1 id type x y z c_csp1

dump

102 Nb1 custom 2000 csp.Nb1 id type x y z c_csp2

dump

103 NbC2 custom 2000 csp.NbC2 id type x y z c_csp11

dump

104 Nb2 custom 2000 csp.Nb2 id type x y z c_csp22

dump

65 all xyz 2000 dump.xyz

minimize 1.0e-10 1.0e-10 10000 100000
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# apply fixed boundary on the bottom of the sample

fix

2 bottom setforce NULL 0.0 NULL

# initial velocities, defining the ensemble: NPT, constant number of particles, constant pressure,
and constant temperature

compute new deformed temp
velocity deformed create 1 4882748 temp new
#fix 10 all nve
fix 4 deformed npt temp 1 1 1 x 0 0 1 z 0 0 1 drag 1.0
#fix 4 all temp/rescale 5 0.01 0.01 0.05 0.5

#relaxation

timestep

0.001

thermo

500

thermo_modify

temp new

thermo_style

custom step temp

restart 10000 restart.*.NbC,Nb

run 10000

# indentation

variable

y equal "115 - step*dt*0.1"

fix

44 all indent 1.0 sphere -50 v_y 0 50.0 units box
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# Run with indenter

timestep

0.001

thermo

100

thermo_modify

temp new

thermo_style

custom step temp f_44[2]

run 350000
reset_timestep 0

# scratch
unfix 44
variable

yfix equal "115-360204*dt*0.1"

variable

x equal "-50 + step*dt*0.1"

fix

45 all indent 1.0 sphere v_x v_yfix 0 50.0 units box

log fix-y.txt

timestep

0.001

thermo

100

thermo_modify

temp new

thermo_style

custom step temp f_45[1] f_45[2]

log fix-x.txt

run 800000

